In earlier inhalation exposures of rabbits, nickel increased the production ofsurfactant 
Introduction
In the working environment as well as in the general environment around industries, people may be exposed to combinatons of metals such as nickel, cobalt, and chromium. For more than a decade we have studied effects of inhaled metals on the alveolar part ofthe rabbit lung, with metal concentrations in the order of 1 mg/n3 and exposure times of 1-8 months, usually 4 months. The results after exposure to a single metal have been reviewed by Camner and Johansson (1) .
Our studies revealed that soluble nickel increased the number and size ofthe alveolar epithelial type II cells and the lung content of surfactant lipids, with secondary effects on the alveolar macrophages. Soluble cobalt alters the growth pattern ofthe type II cells which occur in nodules. Around these nodules there is often accumulation of alveolar macrophages, which have a similar appearance to those after nickel exposure. Trivalent chromium in soluble form only induces clear effects on the alveolar macrophages. The macrophages had abnormal enlarged lysosomes and an increased content ofsurfactantlike inclusions, in spite of the fact that there was no significant increase in surfactantphospholipids. These changes suggest an increased ability to catabolize surfactant. This paper presents data of three combination exposures of nickel, trivalent chromium, and cobalt: a) The effects after combined exposure to nickel and chromium were compared to those after nickel alone and an earlier exposure to chromium only (2, 3) . b) The effects after a combination of cobalt and nickel were compared with the effects after exposure to cobalt only and with nickel only in an earlier exposure (4). c) Effects after a combination ofcobalt and trivalent chromium were compared with the effects after cobalt alone and with another experiment with chromium only (Johansson et al., unpublished data).
Materials and Methods
Groups ofeight rabbits each were exposed to the metals. In experiment 1 (Ni-Cr) the rabbits were exposed to nickel (0.6 mg/m3 as NiCl2) or to a combination of nickel and trivalent chromium [0.6 mg/i3 as NiCl2 and 1.2 mg/i3 as Cr(NO3)3J. In experiment 2 rabbits were exposed to cobalt (0.5 mg/i3 as CoC12) or a combination ofcobalt and nickel (0.5 mg/i3 as CoCl2 and 0.5 mg/i3 as NiCl2), and in experiment 3 rabbits were exposed to cobalt (0.6 mg/m3 as CoCl2) or to a combination of cobalt and trivalent chromium [0.6 mg/m3 as CoCl2 and 1.2 mg/i3 as Cr(NO3)3J. In each ofthe three combination experiments, a control group was exposed to filtered air. The exposure time was 4 months, 5 days/ 
Results
In all three combination experiments significantly more cells were washed out from the lungs of the combined exposed rabbits than from the lungs of control animals or animals exposed only to one metal. The combination of nickel and chromium caused the highest increase ( Table 1 ). The vast majority ofthe cells were macrophages, but all groups exposed to combinations of metals and the Ni group showed a significant increase in the percentage of neutrophils ( Table 1 ).
The number of surfactantlike inclusions were increased in macrophages from all exposed groups compared to controls ( Table 2 ). The percentageofmacrophageprofiles with more than 10 such inclusion profiles ( Fig. 1) was significantly increased in all groups exposed to a combination of metals compared to corresponding single-exposed groups. About 60-70% of the macrophages from rabbits exposed to chromium also contained lysosomal complexes with membrane fragments and precipitated chromium, i.e., as previously seen in macrophages ALVEOLAR MACROPHAGES AND LUNG LESIONS AFTER METAL EXPOSURE FIGURE 2. Alveolar macrophages (M) from (a) a control rabbit and (b) a rabbit exposed to Co2 and Cr3 . Bar = 5 ,sm. from rabbits exposed to trivalent chromium alone (5, 6) . The high number of surfactantlike inclusions was often associated with a smooth surface (Fig. 1) , and the percentage of such cells was significantly higher in the groups exposed to a combination of metals compared to controls or corresponding single-exposed groups (Table 2) .
Scanning electron microscopy from the Co-Ni and Co-Cr experiments revealed that many macrophages from the exposed animals were poorly spread on the supporting glass surface, stuck together, and had short microvilli covering the upper surface (Fig. 2a) , whereas cells from control animals spread out on the glass surface, appeared as single cells, and had an undulating surface with broad lamellipodia (Fig. 2b) . The percentage of "ball-shaped" cells was highest in the double-exposed groups.
The ability ofthe macrophages to reduce nitroblue tetrazolium (NBT) to fonmazan was significantly increased in the Ni, Ni-Cr, Co, and Co-Cr groups, both at rest and after stimulation with bacteria, and increased significantly more in the Co-Cr group than in the Co group. Also, the phagocytosis of yeast particles was increased in these groups, but there was no significant change between the double-and single-exposed groups.
Accumulations of enlarged, vacuolated macrophages were found in alveolar spaces from all double-exposed rabbits, and in some of the single-exposed ones (Table 3 and Fig. 3 ). These aggregates appeared as naked granulomas or were associated with interstitial infiltrations of neutrophils, eosinophils, and lymphocytes. The reaction was significantly more pronounced in double-exposed than in the single-exposed groups and was highest in the Ni-Cr group, in which all eight rabbits had severe lesions. Table 4 shows the volume density ofalveolar type II cells. All double-exposed groups showed significantly higher values than corresponding single-exposed groups. The combination of Ni and Cr showed the highest increase. Alveolar spaces in large areas were filled with surfactant and macrophages in all doubleexposed groups. In the Ni-Cr group, type I cell damage was seen, and the alveolar epithelium was thickened dueto type I cell replacement by type HI cells, which often were enlarged and stuffed with lamellar bodies (Fig. 4) The lung content of phospholipids showed a significant increase in all double-exposed rabbit groups compared to corresponding single-exposed ones. Table 5 shows the concentrations of the total phospholipids and the surface-active 1,2-dipalmitoylphosphatidylcholine and the quotient between concentrations in exposed groups and controls.
Discussion
This paper presents data from three inhalation experiments where effects on combined metal exposures were studied: Nj2 and Cr3, Ni2 and Co2, and Co and Cr .For practical reasons the effects of the combined inhalations in each experiment could be compared with the effects ofonly one ofthe two 'hble 5. Data on phospholipids in lung tissue (left lower lobe; means ± SD). In all three experiments, the combined exposures induced markedly larger increases in content of phospholipids and especially of 1,2-dipalmnitoylphosphatidylcholine, which is a main component in the surfactant, than the additive increases after the single exposures to the metals. In the combinations CrNi and Cr-Co, the increases in phospholipids are probably caused by an increased production of surfactant by type II cells and a decreased catabolism ofthe surfactant by alveolar macrophages caused by Cr3 . In the combination Ni-Co, the increase in volume density of type II cells was not higher than after Ni alone, but still the phospholipids were markedly increased. This may indicate another mechanism behind the increase occurring in the combination Ni-Co than for the other combinations, or the volume density might have been underestimated due to the uneven distribution of type II cells.
One common feature after all three combination exposures was the large amount of surfactant in the lungs. The increase in surfactant was reasonably coupled to the marked granulomatous macrophage reaction in the lung tissue after combined exposures. Most ofthe morphological and functional changes in the macrophages was probably caused by this increase in surfactant (1) .
The effect pattern with high surfactant content in alveolar spaces and enlarged macrophages filled with surfactant and a smooth surface is similar to alveolar lipoproteinosis seen in rats after exposure to quartz dust (7, 8) and seen in the human disease pulmonary alveolar proteinosis (9) .
In summary, our studies indicate that combinations ofnickel, cobalt, and chromium can cause larger effects on type II cells and surfactant than addition ofeffects ofeach metal alone and that the increase in surfactant probably affects the macrophages. The mechanism behind the combined effects ofNi2+ and Co2+ may be different from those of Ni2 and Cr and Co2 and Cr3
This implies that the combined effects of all three metals might be even stronger. The concentrations in our experiments were not far from occupational threshold limit values, which are 0.1 mg/mi3 for Ni2 , 0.05 mg/mi3 for Co2+, and 0.5 mg/m3 for Cr3+ in Sweden. It is thus important to investigate effects of combined exposures to metals in the occupational environment.
